Abstract--Genetic variation at 30 protein-coding loci was examined in seven forms of notothenioid fishes from Antarctica. Multilocus heterozygosity varied from 0.018 to 0.078 across taxa. An analysis of the allozyme data revealed the probable existence of an unrecognized cryptic species within Trematomu5 bemacchii. Pagothenia borchgrevinki is as closely related to some species of Trematomus as are some species of Trematomus to each other. Speciation among the species of Trematomus and Pagothenia appears to have taken place primarily after the separation of Antarctica from Australia.
Introduction
Notothenioid fishes dominate the coastal zone waters of Antarctica and are circumcontinental in their distribution [1, 2] . These fishes comprise a moderate radiation of teleosts into unoccupied niches and are adapted to the extreme, but thermally stable, environment of subzero waters [1] . There are few deep oceanic islands around Antarctica and no other obvious geographical barriers to gene flow which might promote speciation in this group. As a result, these coastal zone fishes offer the opportunity for studying speciation in a relatively simple community.
Notothenioids are characterized by a suite of morphological characters, primarily involving soft-body parts [2] . Consequently, their evolution is poorly recorded in the fossil record [2] . These fishes have evolved a glycoprotein as an antifreeze mechanism that binds ice and prevents crystal expansion within them at subzero temperatures [1, 3] . Biochemical characterization of antifreeze proteins in notothenioids has been used to assess their general systematic relationships [4, 5] , although the systematic value of these glycoproteins is limited because they are probably encoded by a few closely related loci. In contrast, protein electrophoresis samples a larger set of genetic loci. Protein electrophoresis can identify closely related vertebrate species [6, 7] and provide estimates of genetic distance among taxa [8, 9] . A previous survey of 21-26 protein-coding loci was conducted to assess levels of genetic variability for three species of notothenioids [10] , but the resulting data were not used for a systematic evaluation.
Our primary objective ~vas to assess the level of genetic variation and divergence among six recognized species of notothenioid fishes from Antarctica. Analysis of the genetic information yielded a summary of overall similarity and the phylogenetic relationships among the species which was compared to the currently accepted taxonomy of the notothenioids. 
Materials and Methods
Fishes (n = 148) were collected near McMurdo Station, Antarctica, in the Ross Sea. There were approximately 20 locations separated by up to 20 km at which holes were drilled in the ice and fish were caught either by trapping or by hook and line. Fish were identified by their external morphology as described by Norman [11] . They were returned to the laboratory and maintained in running sea water aquaria. Fish were killed from one day to several weeks later, and liver, muscle and kidney tissues were removed and placed on dry ice for a few hours prior to their placement in an ultracold freezer (--70°C) for up to six weeks. They were transported back to the United States on dry ice and then placed in another ultracold freezer.
Tissues were prepared for horizontal starch gel electrophoresis according to the methods of Selander et al. [12] and Place and Powers [13] . Thirty protein-coding loci were analyzed using more than one buffer in most cases (Table 1) . Staining recipes are in Selander et aL (12) , Nichols et al. [14] or Harris and Hopkinson [15] . Substrates for esterase and peptidase are beta-napthyl propionate and leucyl-alanine, respectively. Samples of Dissostichus mawsoni were included for comparison on each gel. The common allele in this species was designated as 100 for each locus. Other alleles in this species and other species were designated on the basis of relative mobility of their products compared to that of the product of the 100 allele. Reference photographs of the gels were archived with the data at the Savannah River Ecology Laboratory. In the few cases where pictures were not available, mobilities were estimated based on the named position of an allele relative to other alleles scored for the same gel. Side by side comparisons were made for all species pairs and, where appropriate, for particular rare alleles. Loci were numbered according to the mobility of the products with the most anodal as 1 when one or more isozymes appeared on the same gel or followed traditional nomenclature for teleosts. A locus was defined as polymorphic when the frequency of the common allele was 0.95 or less.
Calculations of allele frequencies, genetic distances and deviations from Castle-Hardy-Weinberg expectations were calculated using BIOSYS-1 [16] . Divergence times between taxa were estimated from Nei's genetic distance [17] using the method of Sarich [18] which takes into account the differentiation caused by fast and slow evolving loci. Stability of the relationships among groups was assessed by jack-knifing the data from variable loci [19] . Jack-knifing involves removing data for one locus at a time, with replacement, and recalculating genetic distances for the remaining 29 loci. Sixteen loci were chosen for perturbation because they differed in their allele frequencies among forms 1 and 2 of ]~ bernacch/iand T. hansoni. The jack-knife technique was the basis of the computation of standard errors for the genetic distances. A Distance Wagner tree and UPGMA dendrogram were calculated to summarize the genetic relationships between the forms. Statistical significance was indicated by P-<0,05 and a highly significant difference occurred when P<-0.01.
Results
Allelic variation was examined for 30 protein-coding loci. Although tissues were maintained on ice and handled rapidly during preparations of homogenates, certain labile enzymes tended to denature as evidenced by their absence rather than a general streaking on the gel. The products of the following loci (abbreviations explained in Table 1 ) were particularly susceptible to denaturation: ADA-I*, CAT-l*, EST-2*, GP-4*, GUS-I*, HBDH-I*, ICDP-2*, PEP-l* and IDDH-1*. Thus, sample size within a taxon varied across loci ( Table 1 ). The banding patterns of heterozygotes were consistent with those expected from the known quaternary structure of these enzymes in vertebrates [15, 20] . Multiple bands for PGM activity were suggestive of more than three loci in several of the taxa, but these could not be scored in all species, especially Dissostichus mawson4 the outgroup taxon. confidence intervals calculated from our data. Our analyses indicated 40% or more polymorphic loci for these species (Table 1) . There were no deviations from CastleHardy-Weinberg expectations that could not be attributed to a small sample size of rare genotypic categories.
Overall similarity and genealogical relationships among the taxa are summarized using phenetic (UPGMA) and phylogenetic (Distance Wagner) methods, respectively (Fig. 1) . Both methods were employed to assess the phylogenetic relationships among these fishes, even though we are aware that UPGMA is traditionally considered a phenetic clustering method only. Rohlf and Wooten [21] have demonstrated that UPGMA methods may reflect phylogenetic histories more closely than Distance Wagner trees if fewer than 50 variable loci are assayed in a study. Genetic relationships were consistent with what would be expected from currently accepted relationships based on previous taxonomic designations, except for that between the two forms of T. bernacchi~ Although the overall phenologies were similar, the relationships of T. 
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. R is the cophenetic correlation coefficient.
in the same phenologies for Distance Wagner tree and the UPGMA phenogram, respectively, as that observed for all 30 loci (Fig. 1) . The closest sister group to the T.
bernacchii-hansoni group was either T. pennellii or T. Ioennbergil; followed by Pagothenia borchgrevink~ depending on the clustering method used. Pagothenia was more closely related to the Trematomus group than was Dissostichus. The T. hansoni-bernacchii group differed in its phenology from our expectations based on morphological similarities. On both the UPGMA and Distance Wagner dendrograms, T. hansoniclustered with one of the two forms of T. bernacchi~ but the two forms did not cluster together in either case. Because the genetic distances were low, this relationship might have been expected to be unstable when perturbed, but this was not the case. The mean genetic distance and standard error were 0.303+0.006
between the two forms of T. bernacchil; 0.276+0.006 between T. bernacchiiform 1 and T. hanson~ and 0.222+0.005 between T. bernacchiiform 2 and T. hansonL The latter relationship supports the UPGMA phenology over that shown by the Distance Wagner tree. Intra-and intergeneric genetic distances and estimated divergence times are given in Table 2 . For the species of Trematomus, the average genetic distance was 0.390; for the comparisons of Trematomus-Pagothenia, the mean genetic distance was 0.483, which fell within the range of values reported for comparisons within Trematomus. Mean genetic distance was large for comparison of Dissostichus to either species of either genus.
Discussion
Our estimates of heterozygosity for three of the notothenioids tended to be higher than those reported by Somero and Soule [10] . However, confidence limits for these estimates overlap broadly. These higher estimates are probably due to inclusion of different enzymes and buffer conditions in our study. Sampling different loci can affect heterozygosity.estimates [22] . Within the confidence intervals for our data, the level of [9] . Sample sizes are italicized for each taxon on the diagonal. genetic variation in the notothenioids (P = 28.6% and H = 0.043+0.008) is consistent with that for fish in general (P = 20.9% and H = 0.051 ; 25).
Notothenioids occur within a narrow range of environmental temperatures (-1.4 to --2.15°C) in subzero waters [2] . Low levels of genetic variation might be expected because of reduced environmental variance under these thermal conditions. Somero and Soule [10] rejected the reduced genetic variation prediction of the niche-variation hypothesis based on comparisons of the notothenioids with temperate and tropical species. Our results are consistent with theirs, but we question the underlying assumption of their prediction. The low variability of water temperature was assumed to be the critical environmental factor for these fishes in the previous study. The more extreme variation in food availability due to lack of sunlight during the austral winter [2] may be much more important than variation in water temperature. Because the niche is not dependent on one variable, an appropriate test of the niche-variation hypothesis requires a better understanding of the environments of a species. Observed differences in species-specific heterozygosities between notothenioids (Table 1) are probably related to the ecological differences among the species examined.
Divergence among these species is reflected not only by differences in heterozygosities but also by the genetic distances between them. The pattern of genetic relationships among the notothenioids is consistent with their current taxonomy [1, 11 ] .
Dissostichus mawsoniis clearly the most distantly related form and represents a good outgroup ( Table 2 , Fig. 1 ). Although our data suggest that Pagothenia is a distant relative of species within Trematomus, average intergeneric distances (Rogers' D = 0.483) fall within the range of intrageneric distances for species of Trematomus (D = 0.266-0.508). The species which account for the higher intrageneric distances between species of Trematomus were T. pennellii and T. IoennbergiL Although recognition of taxa should" be based on a series of characteristics and not just genetic data [23] , the taxonomic status of Pagothenia may warrant reconsideration. Past taxonomic treatment included Pagothenia borchgrevinkiwithin the genus Trematomus [11] . We conclude that there are other similarities between Pagothenia and species of Trematornus, although Pagothenia is not a benthic but a benthopelagic feeder [2] . Moreover, Pagothenia remains as a sister group to Trematomus (Fig. 1) . We do not ascribe to using only genetic distances for the purpose of defining species or genera [23] . To evaluate the systematic relationship between Pagothenia and Trernatornus, we suggest using several characters, such as those used for foraging ecology, morphology and chemical physiology, in addition to the genetic data, to determine whether a taxonomic reconsideration is appropriate for these species of fishes. Our data suggest that the generic status of Pagothenia needs further consideration or 7. pennellii and T. Ioennbergii be considered for separate generic status. Therefore, the higher level taxonomy of the notothenioids needs further study.
Another taxonomic consideration is the relationship of the two forms of T. bernacchiL The genetic differences, particularly the fixed allelic differences in MDH-I*, argue for the existence of two cryptic species. Although strong frequency shifts have been observed between populations of fishes, these normally occur over much larger distances than was the case for the two forms of T. bernacchii[e.g. [24] [25] [26] . The large allele frequency differences (GUS-1*, GPI-B*, MEP-1*) and the fixed allelic differences (MDH-I*) suggest that gene flow is limited or non-existent between the two forms. Furthermore, Trematomus bernacchii is characterized by two morphotypes with and without a white spot on the top of the head (M. W. S. Smith, personal observation). This polymorphism may be concordant with the genetic differences between the two forms, but additional sampling will be needed to test this hypothesis and to determine the degree of sympatry of the two forms.
Both forms of T. bernacchiiand T. hansoniare a closely related group, and one of the forms (form 2) may be more closely related to T. hanson/than to form 1 of T. bernacchii based on average genetic distance (Fig. 1A) . The exclusion of different amounts of genetic data (i.e. jack-knifing) allows the calculation of confidence intervals for that data matrix and does not alter the relationship substantially. Confidence limits around the average genetic distances are small and the distance between the three forms are significantly different. Our genetic distance data are in support of the UPGMA phenology over the Distance Wagner tree, where Trematomus bernachiiform 2 is more closely allied to T. hansonithan to T. bernachiiform 1. This is in agreement with the computer simulation studies of Rohlf and Wooten [21] demonstrating that UPGMA methods reflect known phylogenetic histories more accurately than do Distance Wagner trees when fewer than 50 variable loci are assayed. Until a taxonomic re-evaluation of the forms of T. bernacchiiand T. hansoniis completed, care needs to be exercised in studies involving T. bernacchiL Evolutionary change in a number of other characteristics may have taken place since the divergence of the two forms.
Important geological events that may have aided or accelerated speciation include: the formation of the circumpolar current ca. 23.5 MYBP [2] ; ice-cap melting ca. 30 MYBP [27] and again around 13 MYBP; and the coastal water temperatures dropping to near freezing about 10 MYBP [2] . Barriers to gene flow might include waters of higher temperatures or lower salinities, glaciers that extend well beyond the coastline, and distance between offshore islands and the mainland. Multiple warming and cooling of the continent created riverine and estuarine habitats [2] , which could have played an important role in the speciation of these forms. Rapid radiation into available niches might have occurred but precise information about isolating events is lacking. For example, in the more recently diverged forms, changes in sea level during the Pliocene and Pleistocene [28] and their effects on the continuity of suitable habitat around the continental shelf may have resulted in the isolation necessary for speciation in the absence of obvious geographical barriers to gene flow. Divergence times need to be estimated for other groups in Antarctica. If there is concordance among the divergence events associated with the geological history of Antarctica for major taxonomic groups, these patterns might be used to focus on major vicariant events that enhanced speciation in the Antarctic fauna.
